To determine the importance of mitochondrial reactive oxygen species toxicity in aging and senescence, we analyzed changes in mitochondrial function with age in mice with partial or complete deficiencies in the mitochondrial antioxidant enzyme manganese superoxide dismutase (MnSOD). Liver mitochondria from homozygous mutant mice, with a complete deficiency in MnSOD, exhibited substantial respiration inhibition and marked sensitization of the mitochondrial permeability transition pore. Mitochondria from heterozygous mice, with a partial deficiency in MnSOD, showed evidence of increased proton leak, inhibition of respiration, and early and rapid accumulation of mitochondrial oxidative damage. Furthermore, chronic oxidative stress in the heterozygous mice resulted in an increased sensitization of the mitochondrial permeability transition pore and the premature induction of apoptosis, which presumably eliminates the cells with damaged mitochondria. Mice with normal MnSOD levels show the same age-related mitochondrial decline as the heterozygotes but occurring later in life. The premature decline in mitochondrial function in the heterozygote was associated with the compensatory up-regulation of oxidative phosphorylation enzyme activity. Thus mitochondrial reactive oxygen species production, oxidative stress, functional decline, and the initiation of apoptosis appear to be central components of the aging process.
To determine the importance of mitochondrial reactive oxygen species toxicity in aging and senescence, we analyzed changes in mitochondrial function with age in mice with partial or complete deficiencies in the mitochondrial antioxidant enzyme manganese superoxide dismutase (MnSOD). Liver mitochondria from homozygous mutant mice, with a complete deficiency in MnSOD, exhibited substantial respiration inhibition and marked sensitization of the mitochondrial permeability transition pore. Mitochondria from heterozygous mice, with a partial deficiency in MnSOD, showed evidence of increased proton leak, inhibition of respiration, and early and rapid accumulation of mitochondrial oxidative damage. Furthermore, chronic oxidative stress in the heterozygous mice resulted in an increased sensitization of the mitochondrial permeability transition pore and the premature induction of apoptosis, which presumably eliminates the cells with damaged mitochondria. Mice with normal MnSOD levels show the same age-related mitochondrial decline as the heterozygotes but occurring later in life. The premature decline in mitochondrial function in the heterozygote was associated with the compensatory up-regulation of oxidative phosphorylation enzyme activity. Thus mitochondrial reactive oxygen species production, oxidative stress, functional decline, and the initiation of apoptosis appear to be central components of the aging process.
A major component of aging in mammals is the progressive senescence of postmitotic tissues. Although many theories of aging have been elaborated over the past 30 yr (1) , one of the most promising is the free radical theory. This theory contends that senescence is the result of the accumulation of cellular and tissue damage caused by the reactive oxygen species (ROS): superoxide anion (O 2 ⅐Ϫ ), hydrogen peroxide (H 2 O 2 ), and hydroxyl radical ( ⅐ OH) (2) (3) (4) (5) (6) (7) .
It is now clear that much of the ROS production in mammalian cells is a toxic by-product of the mitochondrial energy production pathway, oxidative phosphorylation (OXPHOS) (2, 8) . The mitochondrial production of ROS results in the oxidation of mitochondrial lipids, proteins, and DNA (mtDNA) (9) . Because mtDNA diseases are associated with many of the same clinical manifestations that characterize old age (6, 7) , there is a growing conviction that the age-related accumulation of mitochondrial damage plays an important role in the physiological decline associated with mammalian aging and senescence.
OXPHOS is composed of five enzyme complexes. Complexes I, II, III, and IV constitute the electron transport chain (ETC), which oxidizes the hydrogen atoms from carbohydrates and fats with atomic oxygen. Electrons are donated to complex I from NADH ϩ H ϩ or to complex II via succinate and passed to coenzyme Q (CoQ) to give ubisemiquinone (CoQH ⅐ ) and then ubiquinol (CoQH 2 ). Ubiquinol donates its electrons to complex III, which transfers the electrons to cytochrome c. From cytochrome c, the electrons move to complex IV and finally to 1 ⁄2 O 2 to give H 2 O. The energy released by the ETC is used to pump protons across the mitochondrial inner membrane, creating a transmembrane electrochemical gradient, ⌬⌿. The potential energy stored in ⌬⌿ is used by complex V (ATP synthase) to condense ADP and P i to make ATP. Matrix ATP is then exchanged for cytosolic ADP by the adenine nucleotide translocator. The reduction of oxygen to water is thus coupled to the phosphorylation of ADP via ⌬⌿. When exogenous ADP levels are high, ATP is synthesized by complex V at the expense of ⌬⌿, and oxygen is consumed by the ETC to restore ⌬⌿ (state III respiration). However, when ADP levels are limiting, ⌬⌿ is sustained, the ETC slows, and oxygen consumption is low (state IV respiration). The ratio of state III to state IV respiration is known as the respiratory control ratio (RCR).
Approximately 0.4-4% of the molecular oxygen (O 2 ) consumed by the mitochondria is reduced by a single electron transfer from the initial steps of the ETC to form the highly toxic superoxide anion (O 2 ⅐Ϫ ). The primary source of electrons to generate O 2 ⅐Ϫ is probably ubisemiquinone (8, 10) . Superoxide anion is converted to hydrogen peroxide (H 2 O 2 ) by the mitochondrial manganese superoxide dismutase (MnSOD, Sod2). In liver, mitochondrial H 2 O 2 is then reduced to water by glutathione peroxidase-1 (Gpx-1). In the presence of reduced transition metals, H 2 O 2 can be converted to the highly toxic hydroxyl radical ( ⅐ OH) via Fenton chemistry (11) . The inhibition of mitochondrial OXPHOS increases the misdirection of electrons from the ETC into ROS production. Thus, ROS production is greater during state IV respiration than state III.
When the level of ROS exceeds the capacity of the mitochondria and cell to detoxify them, the resulting chronic oxidative stress can activate the mitochondrial permeability transition pore (mtPTP) (12) . The mtPTP is thought to be composed of the inner membrane adenine nucleotide translocator, the outer membrane voltage-dependent anion channel or porin, Bax, Bcl2, and cyclophilin D. The activation of the mtPTP creates an open channel across the mitochondrial inner and outer membranes, which permits the free diffusion of molecules of less than 1,500 Da between the matrix and the cytosol (13) . This results in the collapse of ⌬⌿, the loss of matrix solutes, and the swelling of the mitochondria, causing the release of cytochrome c, procaspases 2, 3, and 9, apoptosis-initiating factor, and caspase-activated DNase. Cytochrome c and the cytosolic factor Apaf1 activate the caspases, which degrade cytosolic proteins, while apoptosisinitiating factor and caspase-activated DNase move to the nuAbbreviations: OXPHOS, oxidative phosphorylation; ROS, reactive oxygen species; MnSOD, manganese superoxide dismutase; Sod2, superoxide dismutase 2; mtPTP, mitochondrial permeability transition pore; ETC, electron transport chain; RCR, respiratory control ratio; TUNEL, terminal deoxynucleotidyltransferase-mediated dUTP end labeling.
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cleus and degrade the chromatin (14) . Thus, the mtPTP regulates programmed cell death or apoptosis.
In addition to oxidative stress, the mtPTP can be activated by decreased mitochondrial ⌬⌿, reduced levels of matrix ADP and ATP, and͞or the uptake of excessive Ca 2ϩ (15) (16) (17) . Therefore, decreased mitochondrial energy production and͞or increased mitochondrial oxidative stress can initiate apoptosis, resulting in tissue decline and senescence.
The acute toxicity of mitochondrial O 2 ⅐Ϫ has been illustrated by the lethality of the Sod2 mutation in mice. Mice deficient in MnSOD (Sod2 tm1Cje Ϫ͞Ϫ) exhibit neonatal lethality in association with dilated cardiomyopathy and a massive lipid accumulation in the liver (18) . These animals also have dramatic reductions in the activities of the mitochondrial enzymes that contain iron-sulfur centers, including the Krebs cycle enzyme aconitase and the ETC enzymes succinate dehydrogenase (complex II) and NADH dehydrogenase (complex I). These animals also exhibit a marked increase in DNA oxidation products and develop a 3-methylglutaconic aciduria (19) . The Sod2 tm1Cje (Ϫ͞Ϫ) mouse proves the importance of mitochondrial O 2 ⅐Ϫ in cellular ROS toxicity because inactivation of the cytosolic (Sod1) (20) or extracellular (Sod3) (21) Cu͞ZnSODs has little effect on animal viability.
The effects of chronic superoxide anion exposure can be observed by using the Sod2 tm1Cje heterozygote (ϩ͞Ϫ) animals. Initial studies of 3-mo-old Sod2 tm1Cje (ϩ͞Ϫ) mice revealed increased oxidative damage in the form of mtDNA oxidative adducts and reduced activity of the iron-sulfur protein aconitase. Mitochondria isolated from these animals also exhibited reduced RCRs and an increased propensity to undergo the permeability transition when challenged with the oxidant tertbutylhydroperoxide (22) .
To better understand the age-related effects of superoxide anion toxicity on mitochondrial function and tissue integrity, we have studied the biochemical and molecular changes that occur in homozygous and heterozygous Sod2 tm1Cje -mutant mice. Acute mitochondrial O 2 ⅐Ϫ toxicity was studied in neonatal Sod2 tm1Cje (Ϫ͞Ϫ) mice and found to result in the inhibition of respiration and the hypersensitization of the mtPTP. Chronic mitochondrial O 2 ⅐Ϫ toxicity was examined in young (5-mo-old), middle-aged (10-to 14-mo-old), and old (20-to 25-mo-old) Sod2 tm1Cje (ϩ͞Ϫ) mice. The heterozygous Sod2 tm1Cje mice exhibited a decreased mitochondrial ⌬⌿, a decreased state III and increased state IV respiration rate, and a compensatory up-regulation of OXPHOS enzymes. Chronic mitochondrial O 2 ⅐Ϫ toxicity also caused increased mitochondrial oxidative damage, which led to an increased predilection for mtPTP transition and a dramatic increase in apoptosis late in life.
Materials and Methods
Genotyping and Animal Maintenance. All mice were on the CD1 background, fed Purina Labdiet 5021, and housed at 20°C with a 12-h light and dark cycle. For biochemical analyses, animals were killed by cervical dislocation in accordance with Emory University's ethical guidelines outlined in an Institutional Animal Care and Use Committee approved protocol. Newborn pups were genotyped at 7-9 days of age as described.
Tissue Harvesting and Mitochondrial Isolation. All manipulations were performed at 4°C or on ice. Whole liver was harvested, immersed in isotonic homogenization (H) buffer (225 mM mannitol͞75 mM sucrose͞10 mM Mops͞1 mM EGTA͞0.5% BSA, pH 7.2), minced with scissors, and then homogenized with a 15-ml Wheaton Scientific Teflon-to-glass homogenizer. Mitochondria were isolated by differential centrifugation; the mitochondrial pellets were resuspended in 300 l of H buffer without EGTA, and protein concentration was determined by using the Coomassie stain kit (Pierce).
Western Blot Analysis. Antibodies to Sod2 were raised against the near N-terminal residues 25-41 (acetyl-KHSLPDLPYDYG-ALEPH[C]-amide). The peptide was conjugated to keyhole limpet hemocyanin via the C terminus and injected into rabbits at Quality Controlled Biochemicals (Hopkinton, MA). Antisera were collected and purified by affinity chromatography on a peptide-Sepharose column.
Mitochondria for Western blots were obtained from the same preparations used for the respiration assays and kept frozen at Ϫ80°C until used. Twenty micrograms of mitochondrial protein was electrophoresed, blotted onto nitrocellulose, and probed with Sod2 antiserum by using the Western Blot Kit (Kirkegaard & Perry Laboratories). The bands were visualized by using the Western Breeze chemiluminescence substrate with enhancer (NOVEX, San Diego). To assure approximately equal loading of total protein on SDS͞PAGE gels, immunoblots were reversibly stained with Ponceau S dye at 2 g͞liter in 1% (vol͞vol) acetic acid solution and photographed. Ponceau S was removed by rinsing for 10 min in PBS (pH 7.2), plus 0.05% Tween 20 before incubation in primary antibody.
Mitochondrial Respiration and OXPHOS Enzymology. Oxygen consumption was measured polarographically with a Clark electrode in 225 mM mannitol͞75 mM sucrose͞10 mM KCl͞10 mM Tris⅐HCl͞5 mM KH 2 PO 4 , pH 7.2, buffer containing 600 g of mitochondrial protein and 5 mM succinate as substrate. State III respiration was initiated by adding 125 nmol of ADP, and uncoupled respiration was induced by adding carbonylcyanide p-trifluoromethoxyphenylhydrazone to a final concentration of 1 M. OXPHOS enzyme analysis was carried out as described (23).
Mitochondrial Membrane Electrochemical Potential (⌬⌿).
The mitochondrial ⌬⌿ was measured by the mitochondrial uptake of tetraphenylphosphonium cation. Changes in extramitochondrial concentration were measured by a tetraphenylphosphoniumcation-sensitive electrode, with ⌬⌿ calculated by using the Nernst equation.
Lipid Peroxidation Assay. Levels of lipid peroxides in mitochondria and total cytosolic extracts were measured directly by using the Lipid Hydroperoxide Assay kit (Cayman Chemicals, Ann Arbor, MI, catalog no. 705002). For each assay, total lipid was extracted from a suspension containing 1 mg of protein.
Induction of the Mitochondrial Permeability Transition Pore. The sensitivity of the mtPTP was assayed by the calcium induction of high amplitude swelling of the mitochondria. Six hundred micrograms of mitochondrial protein was suspended in 1.5 ml of 250 mM sucrose͞10 mM Mops͞2 mM K 2 HPO 4 , pH 7.2, containing 5 mM succinate. The mitochondria were treated with 16.5 nmol of CaCl 2 , and the absorbance at 546 nm was monitored for 25 min. The t 1/2 was defined as the time in seconds until the mitochondria were half-maximally swollen. The swelling was inhibitable by 1 M cyclosporin A. Statistical Analysis. Data analysis was carried out with GRAPHPAD PRISM software (GraphPad, San Diego) using Student's unpaired t test.
Results
To establish that the Sod2 mutation resulted in a reduction of MnSOD protein in the mutant mice, antibodies recognizing the mitochondrial-specific MnSOD were prepared by using synthetic MnSOD peptides. Western blot analysis of mitochondrial Mn-SOD from wild-type, heterozygous, and homozygote animal livers revealed that MnSOD was eliminated in Sod2 tm1Cje (Ϫ͞Ϫ) animals and reduced Ϸ50% in the Sod2 tm1Cje (ϩ͞Ϫ) animals (Fig. 1) . Furthermore, MnSOD levels in Sod2 wild-type (ϩ͞ϩ) and Sod2 tm1Cje (ϩ͞Ϫ) liver mitochondria were unchanged in young, middle-aged, and old-aged animals (data not shown).
To determine the effects of acute O 2 ⅐Ϫ toxicity on mitochondrial function, liver mitochondria were isolated from neonatal Sod2 tm1Cje (Ϫ͞Ϫ) mutant mice and mitochondrial respiration and mtPTP sensitivity assessed. This revealed that the state III respiratory rates and the RCRs were reduced 40% in the mutant mitochondria, suggesting impaired electron flux through the ETC (Fig. 2) . Moreover, although initial ADP exposure stimulated respiration Ϸ1.6-fold, subsequent addition of uncoupler did not stimulate respiration above the state IV rate.
To further characterize these mitochondria, we analyzed the Ca 2ϩ sensitivity of the mtPTP. The liver mitochondria of the Sod2 tm1Cje (Ϫ͞Ϫ) were found to be much more prone to the permeability transition then were the control mitochondria. After Ca 2ϩ addition, it took the Sod2 tm1Cje (Ϫ͞Ϫ) mitochondria 240 sec to achieve half maximal swelling (t 1/2 ), whereas control mitochondria required 375 sec. This increased propensity of the If complete MnSOD deficiency caused severe respiration defects in the newborn, then a partial MnSOD defect might be expected to cause chronic respiratory deficiency in adults. To determine if this was the case, we analyzed liver mitochondrial physiology from young, middle-aged, and old Sod2 tm1Cje (ϩ͞Ϫ) mice. The mitochondrial ⌬⌿ was found to be consistently lower in the Sod2 tm1Cje (ϩ͞Ϫ) animals than controls in young and middle-aged animals. Furthermore, ⌬⌿ declined in parallel for both genotypes in old animals (Fig. 3) . Hence, the increased exposure of the mitochondrial inner membrane to ROS in the Sod2 tm1Cje (ϩ͞Ϫ) mice appears to have caused an increased permeability to protons. Because ⌬⌿ declines in both strains with age it follows that aging is associated with an increase in mitochondrial inner membrane proton permeability due to the effects of chronic oxidative damage.
Analysis of the unstimulated (state IV) respiration rates revealed interesting differences between Sod2 tm1Cje (ϩ͞Ϫ) and (ϩ͞ϩ) mice. In mitochondria from young Sod2 tm1Cje (ϩ͞Ϫ) and control mice, the state IV rates were at a similarly low level. However by middle age, the state IV respiration rates of the Sod2 tm1Cje (ϩ͞Ϫ) mitochondria were significantly higher than controls (Fig. 4A) . This remained true for the old animals, even though both the Sod2 tm1Cje (ϩ͞Ϫ) and control state IV values declined Ϸ45%. The increased state IV rates of the Sod2 tm1Cje (ϩ͞Ϫ) liver mitochondria would support the conclusion that the mitochondrial inner membrane develops an increased proton leak in response to chronic oxidative stress. The initially lower Sod2 tm1Cje (ϩ͞Ϫ) state IV level and the decline in state IV rates with old age may reflect partial inhibition of the ETC due to chronic oxidative stress. This interpretation was supported by the state III respiration rates.
Analysis of the ADP-stimulated (state III) respiration rates for the young and middle-aged Sod2 tm1Cje (ϩ͞Ϫ) mice revealed that they were substantially below those of age-matched controls. Moreover, in old control (ϩ͞ϩ) mice the state III rates declined to those of the Sod2 tm1Cje (ϩ͞Ϫ) mitochondria (Fig. 4B) . The reduced state III rates in the Sod2 tm1Cje (ϩ͞Ϫ) mitochondria suggest an impaired electron flux through the respiratory chain possibly due to oxidative damage to inner membrane lipids effecting respiratory complex interaction and͞or the inactivation of iron-sulfur center containing enzymes. Although the maximum effect of this oxidative damage is already present in young Sod2 tm1Cje (ϩ͞Ϫ) mice, the same effect is not seen until old age in the normal Sod2 tm1Cje (ϩ͞ϩ) mice. Because of the unusual effects of mitochondrial O 2 ⅐Ϫ toxicity on respiration in Sod2 tm1Cje (ϩ͞Ϫ) animals, the RCR decreased in middle-aged animals along with an increase in state IV respiration rates. But the RCR was partially normalized in the old Sod2 tm1Cje (ϩ͞Ϫ) mice because of the marked decline in the state IV respiration without an appreciable change in the state III respiration rate. The P͞O ratio of the Sod2 tm1Cje (ϩ͞Ϫ) animals also declined relative to the controls in the middle-aged animals, but normalized in the older Sod2 tm1Cje (ϩ͞Ϫ) mice (data not shown).
One possible source of the increased proton leak through the mitochondrial inner membrane might be chronic oxidative damage to mitochondrial lipid bilayers. This possibility was confirmed by measuring the lipid peroxidation levels in Sod2 tm1Cje (ϩ͞Ϫ) and (ϩ͞ϩ) mice. Although young Sod2 tm1Cje (ϩ͞Ϫ) and control animals had the same levels of lipid peroxidation, the middle-aged Sod2 tm1Cje (ϩ͞Ϫ) mouse liver mitochondria contained twice the lipid hydroperoxides of the control mitochondria (Fig. 5A) . A parallel increase was seen in the lipid peroxide levels of total liver extracts (Fig. 5B) , suggesting that the mitochondria accumulate significant oxidative damage to their membranes. Surprisingly, the lipid peroxidation levels in the old Sod2 tm1Cje (ϩ͞Ϫ) animals declined ( Fig. 5 A and B) , whereas those of the control cytosol increased. These observations imply that the mitochondrial lipids are an important target for ROS damage in the Sod2 tm1Cje (ϩ͞Ϫ) mouse livers, and that some process selectively removes the peroxidized lipids from the Sod2 tm1Cje (ϩ͞Ϫ) liver when they surpass a certain critical level. This same process presumably occurs in Sod2 tm1Cje (ϩ͞ϩ) livers, but at a later time.
The increased oxidative stress in the Sod2 tm1Cje (ϩ͞Ϫ) mouse livers might also affect the function of the mtPTPs, making them more prone to activation. To determine if this was the case, we measured the time to half maximal mitochondrial swelling (t 1/2 ) after Ca 2ϩ exposure. At all ages, the Sod2 tm1Cje (ϩ͞Ϫ) mtPTPs responded much more rapidly to Ca 2ϩ challenge than controls (Fig. 6 ). The t 1/2 for swelling was 33% faster in the young Sod2 tm1Cje (ϩ͞Ϫ) mitochondria and 50% faster in the middleaged Sod2 tm1Cje (ϩ͞Ϫ) mitochondria (ϩ͞Ϫ ϭ 550 sec vs. ϩ͞ϩ ϭ 1,000 sec). Furthermore, in the older mice, the t 1/2 for both the Sod2 tm1Cje (ϩ͞Ϫ) and (ϩ͞ϩ) mitochondria decreased and the difference between the two increased (ϩ͞Ϫ ϭ Ϸ250 sec vs. ϩ͞ϩ ϭ Ϸ700 sec) (Fig. 6 ). This result indicates that the chronic oxidative stress in the Sod2 tm1Cje (ϩ͞Ϫ) mitochondria substantially increases the propensity for mtPTP transition and that the sensitization of the mtPTP increases from middle to old age.
To determine the effect of the hypersensitized mtPTP on liver tissue integrity, we used TUNEL staining to determine if Sod2 tm1Cje (ϩ͞Ϫ) hepatocytes had an increased propensity for apoptosis. Although Sod2 tm1Cje (ϩ͞Ϫ) hepatocyte apoptosis rates were the same as controls for young and middle-aged animals, the difference in hepatocyte apoptosis rates of older animals was dramatic. Old Sod2 tm1Cje (ϩ͞Ϫ) mouse livers had three times more apoptotic hepatocytes than did the old control mouse livers (Fig. 7) . Thus, the chronic oxidative stress caused by the partial MnSOD deficiency ultimately resulted in sufficient mitochondrial oxidative damage to initiate a wave of apoptosis in old Sod2 tm1Cje (ϩ͞Ϫ) livers. The age-related decline in mitochondrial function might be partially offset by the compensatory up-regulation of mitochondrial OXPHOS enzymes, a phenomena well-documented in patients with mitochondrial disease (24) . To determine if this was the case, the mitochondrial enzymes in the older Sod2 tm1Cje (ϩ͞Ϫ) animals were assayed. The liver mitochondria OXPHOS complexes I, II, II ϩ III, and IV as well as citrate synthase were all elevated 25-75% in the old Sod2 tm1Cje (ϩ͞Ϫ) mice relative to the old controls (Fig. 8) . Monitoring the enzyme activities over time revealed that citrate synthase was elevated in Sod2 tm1Cje (ϩ͞Ϫ) mice compared to controls throughout life but declined as the Sod2 tm1Cje (ϩ͞Ϫ) mice aged. By contrast, complex IV (COX) declined in both the Sod2 tm1Cje (ϩ͞Ϫ) and Sod2 tm1Cje (ϩ͞ϩ) mice from young to middle age, but in the old Sod2 tm1Cje (ϩ͞Ϫ) mice it increased markedly while remaining low in controls. Thus, the activities of the mitochondrial enzymes were coordinately up-regulated in older Sod2 tm1Cje (ϩ͞Ϫ) mice. This result implies that the (ϩ͞Ϫ) animals are attempting to compensate for a cumulative energetic deficiency caused by chronic mitochondrial oxidative stress. Alternatively, the increase in the activities of the mitochondrial enzymes could result from the elimination of the oxidatively damaged mitochondria in the old Sod2 tm1Cje (ϩ͞Ϫ).
Discussion
The current studies strongly support the importance of mitochondrial ROS toxicity in causing mitochondrial bioenergetic decline and the initiation of apoptosis in aging and senescent tissue. This is consistent with the three major cellular processes controlled by the mitochondria: energy metabolism, ROS production, and the regulation of apoptosis.
Mitochondria from the Sod2 tm1Cje (Ϫ͞Ϫ) animals, which are acutely exposed to high levels of mitochondrial ROS, experience severe mitochondrial dysfunction and a marked propensity to undergo the permeability transition. The precocious opening of the mtPTP probably explains the lack of uncoupler stimulation of respiration, subsequent to ADP stimulation of respiration. In state III respiration, ⌬⌿ transiently declines as protons are used to drive ADP phosphorylation by the ATP synthase. The drop in ⌬⌿ may be sufficient to activate the mtPTP, already hypersensitized by oxidative stress. The opening of the mtPTP would cause the loss of matrix NAD ϩ ͞NADH, stalling the tricarboxylic acid cycle and ETC and blocking uncoupled respiration. This same pattern of respiratory dysfunction has been observed in the senescence-accelerated mouse (25) , suggesting that the biochemical defect in this animal might also be related to mitochondrial energy deficiency, oxidative stress, and apoptosis.
Mitochondria from the Sod2 tm1Cje (ϩ͞Ϫ) animals, which were chronically exposed to sublethal levels of mitochondrial ROS and oxidative stress, took much longer to develop respiratory deficiency and an increased propensity for mtPTP transition. These deleterious effects on respiration were partially offset by the up-regulation of OXPHOS complex activity.
However, as the mitochondria of the Sod2 tm1Cje (ϩ͞Ϫ) cells accumulated oxidative damage, they ultimately crossed the mtPTP threshold and were destroyed by cellular apoptosis. This premature accumulation of mitochondrial damage followed by the destruction of the cells with the most damaged mitochondria by apoptosis provides an explanation for precipitous loss of increased mitochondrial and cytosolic lipid peroxidation from middle-aged to old Sod2 tm1Cje (ϩ͞Ϫ) mice. However, this normalization of the average mitochondrial parameters presumably coincides with the massive loss of hepatocytes from the Sod2 tm1Cje (ϩ͞Ϫ) tissues, and thus leading to tissue atrophy, functional decline, and ultimately failure.
Although the Sod2 tm1Cje (ϩ͞Ϫ) animal tissues accumulated mitochondrial oxidative damage much sooner than control (ϩ͞ϩ) animals, the control animals ultimately also accumulate significant levels of mitochondrial damage with age. Thus, these data demonstrate that aging has a major mitochondrial ROS component, and that the rate of mitochondrial damage is related to the level of ROS production.
In conclusion, as mammals age mitochondrial ROS production and oxidative stress causes increased proton leak across the mitochondrial inner membrane, inhibition of the ETC, oxidation of mitochondrial lipids, sensitization of the mtPTP, and ultimately cellular death by apoptosis. In animals with increased mitochondrial ROS toxicity, in this case due to MnSOD deficiency, mitochondrial oxidative damage, impaired respiration and heightened mtPTP activation occur earlier in life than in animals with normal ROS production. Ultimately, however, sufficient damage accumulates in all strains to initiate apoptosis, resulting in tissue decline and senescence. Therefore, the agerelated accumulation of mitochondrial oxidative damage leading to mtPTP activation and apoptosis appears to be a major factor in senescence and aging. 
